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commonly used are designed to examine motor patterns that do not involve skill or
training. We evaluated whether BMMCs treatment was able to recover forelimb skilled
movements. Reaching chamber/pellet retrieval (RCPR) task was used, in which animals
had to learn to grasp a single food pellet and lead it to its mouth. We also evaluated
therapeutic effect of this training on unskilled sensorimotor function. Adult male Wistar
rats suffered unilateral cortical ischemia by thermocoagulation in motor and somesthetic
primary areas. A day later, they received i.v. injection of 3 107 BMMCs or vehicle (saline),
forming four experimental groups: BMMCsþRCPR; salineþRCPR; BMMCs and saline.
Cylinder and adhesive tests were applied in all experimental groups, and all behavioral
tests were performed before and along post-ischemic weeks after induction of ischemia.
Results from RCPR task showed no significant difference between BMMCsþRCPR and
salineþRCPR groups. In cylinder test, BMMCs-treated groups showed significant recovery,
but no significant effect of RCPR training was observed. In adhesive test, BMMCs treatment
promoted significant recovery. Synergistic effect was found since only together they were
able to accelerate recovery. The results showed that BMMCs treatment promoted increased
recovery of unsophisticated sensorimotor function, but not of skilled forepaw movements.
Thus, BMMCs might not be able to recover all aspects of sensorimotor functions, although
further studies are still needed to investigate this treatment in ischemic lesions with
different locations and extensions.
& 2012 Elsevier B.V. Open access under the Elsevier OA license.26
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Bone marrow-derived cells have been shown to have beneficial
properties for treatment of brain ischemia (Maltman et al., 2011;
Mendez-Otero et al., 2007; Mezey, 2007). Although they have been
described as multipotent cells, with supposed capability to
regenerated some lost tissue cells (Crain et al., 2005; Krause
et al., 2001; Shyu et al., 2006), their main mechanisms of action
has been shown to be chemoattraction to lesioned tissues and
release of several cytokines and trophic factors (Maltman et al.,
2011; Shyu et al., 2006; Takahashi et al., 2006). The use of bone
marrow-derived mesenchymal stem cells (MSCs) has been
extensively shown as a promising therapeutic approach
(Maltman et al., 2011). However, therapeutic use of MSC involves
cell cultivation for several weeks, which hinders autologous
transplantation in the acute phase of brain ischemia, when
treatment should bemore successful. Alternatively, some studies
have used bone marrow mononuclear cells (BMMCs), a cell
fraction that contains MSCs, hematopoietic stem cells, hemato-
poietic progenitor cells and endothelial progenitor cells (Orkin,
2000; Wang et al., 2008; Weissman et al., 2001). BMMCs can be
harvested in 1.5–6 h and autologously administratedwithout any
previous cultivation (Battistella et al., 2011; Brenneman et al.,
2010; Iihoshi et al., 2004; Savitz et al., 2011), which allows
treatment during the acute phase (Mendez-Otero et al., 2007).
Indeed, BMMCs has been shown to be as beneficial as MSCs to
treat acute brain ischemia in animal models (de Vasconcelos dos
Santos et al., 2010; Giraldi-Guimar~aes et al., 2009; Iihoshi et al.,
2004; Kamiya et al., 2008; Yang et al., 2011).
Several previous reports have demonstrated induction of
functional recovery by MSCs and BMMCs in sensorimotor
tests using different models of brain ischemia (Chopp and Li,
2002; de Vasconcelos dos Santos et al., 2010; Giraldi-
Guimar ~aes et al., 2009; Iihoshi et al., 2004; Kamiya et al.,
2008; Yang et al., 2011). However, functional tests usually
applied to evaluate treatment-induced improvements of
sensorimotor function after brain ischemia involves unso-
phisticated motor patterns of limbs, which do not require
skill and previous training to be performed (e.g., spontaneous
postural support, flexion, placing during locomotion, balance
and tactile response) (Schaar et al., 2010; Schallert, 2006).Fig. 1 – Images of the plexiglass box used for RCPR task: (A) upp
the box. It served as a barrier to prevent the use of the forelim
window (in the right side of the image). (B) Front view showing
to the side). Note the holes located in front of frontal window, w
(C) Lateral view showing a rat extending its left forelimb throug
platform, attached in the opening of the front window, whose p
box, being obliged to grasp and lift it.Although recovery of these motor patterns should represent
significant functional outcome, functional analyses should be
extended to evaluate whether cell therapies are also able to
promote recovery of skilled movements. Unlike previously
thought, rat skilled forepaw movements has been shown to
be similar to primate hand movements, having single digit
movements controlled by motor cortex (Alaverdashvili and
Whishaw, 2008). The measurement of success in grasping is
one of the most used approaches to evaluate loss and
recovery of skilled movement of forepaw after brain ischemia
(Biernaskie et al., 2005; Bury and Jones, 2002; Conner et al.,
2003; Grabowski et al., 1993; Zai et al., 2009).
We have previously shown sensorimotor recovery of
impaired forelimb after treatment with BMMCs in a model
of unilateral focal cortical ischemia. We used functional tests
that do not require training and evaluate unsophisticated
forelimb movements (de Vasconcelos dos Santos et al., 2010;
Giraldi-Guimar ~aes et al., 2009), i.e., cylinder and adhesive
tests (Schaar et al., 2010; Schallert, 2006). Here, we extended
the functional analysis of the same model of ischemia using
the ‘‘reaching chamber/pellet retrieval’’ (RCPR) task (Schaar
et al., 2010). We evaluated the effectiveness of the BMMCs
treatment on the skilled movement of grasping with forepaw
after unilateral focal cortical ischemia. Furthermore, skilled
training has been shown to promote cortical motor map
reorganization and enhancement of lesion-induced struc-
tural plasticity in motor cortex (Jones et al., 1999; Kleim
et al., 1998, 2004). Since the RCPR task involves pre-
ischemic training and a high frequency of testing after
ischemia, we also evaluated a possible effect of the RCPR
training, alone and associated to the BMMCs treatment, on
the performance in sensorimotor tests previously studied in
the same model of ischemia (de Vasconcelos dos Santos
et al., 2010; Giraldi-Guimar ~aes et al., 2009).2. Results
2.1. Thermocoagulatory ischemic lesion and lesion volume
The protocol of cortical ischemia by thermocoagulation has
been shown to induce a focal lesion subjacent to the affecteder view of the box showing a removable wall (arrows) inside
b opposite to this wall, during pellet retrieval by the front
the front window and the external platform (arrow pointing
here food pellets can be placed (arrow pointing downwards).
h the front window. Note the presence of a shield on the
urpose is to prevent the animal just push the pellet into the
b r a i n r e s e a r c h 1 4 9 2 ( 2 0 1 3 ) 1 3 0 – 1 3 9132submeningeal blood vessels, including the six cortical layers and
sparing the white matter (de Vasconcelos dos Santos et al., 2010;
Giraldi-Guimar~aes et al., 2009; Szele et al., 1995). This model
of lesion is induced by heat, and a limited thermal effect could
not be discharged, especially in most superficial cortical layers
(Riban and Chesselet, 2006). Given that tissue damage induced
by thermal effect should be faster than by ischemia, we analyzed
the presence of cortical lesion after a short time window.
Reaction with TTC of brain sections from ischemic animals
sacrificed 1 h after thermocoagulation revealed slight tissue
loss in the cortical surface (Fig. 2A). It could be induced by
thermal damage, although an initial degeneration promoted byFig. 2 – Extension of the ischemic lesion induced by thermoc
slices of a representative untreated ischemic animal reacted for
(unreacted) cortical tissue was observed, although cortical surfa
montage of sequential coronal brain slices of a representative is
thermocoagulation. At this time window, unilateral cortical dam
cortical layers and reaching white matter. Scale bar¼1 cm. (C) Q
control groups, 72 h after thermocoagulation. Statistical analysi
the graph represent mean7SEM.the ischemic process cannot be ruled out. This result indicated
that the thermal effect should be restricted to the cortical surface
immediately behind the meninges and represented a minimal
component of the cortical lesion induced by thermocoagulation.
Three days after ischemia, a clear focal cortical lesion was
revealed by TTC reaction (Fig. 2B), in accordance to previous
descriptions (de Vasconcelos dos Santos et al., 2010; Giraldi-
Guimar~aes et al., 2009; Szele et al., 1995). We chose this time
window to verify the effect of BMMCs treatment in the extension
of cortical lesion. Quantification of lesion volume showed no
significant decrease promoted by BMMCs, when compared to the
control group (Fig. 2C).oagulation: (A) photomontage of sequential coronal brain
TTC 1 h after thermocoagulation. Note that no damaged
ce suffered slight tissue loss (white arrows). (B) Photo-
chemic animal injected with saline reacted for TTC 72 h after
aged was clearly evident (white arrows), including all
uantification of the lesion volume in treated (BMMCs) and
s revealed no significant difference between groups. Bars in
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treatment
Statistical analysis of the RCPR task revealed no significant
‘‘treatmentday’’ interaction (F¼1.19, p¼0.27). There was a
significant effect of day (F¼81.31, po0.0001), but not of
treatment (F¼2.5, p¼0.13), indicating that both groups had
the same performance (Fig. 3). Multiple comparisons inside
each group showed that, in both groups, PID 0 was signifi-
cantly different from others (po0.0001 for all comparisons),
indicating that there was no complete recovery. Moreover,
PID 2 was significantly different from others (po0.05 for
comparison with PID 6 in the salineþRCPR group; po0.0001
for all other comparisons), excepting from PID 3 (p¼0.2 in theFig. 3 – RCPR task. Graph showing the accompaniment of
the performance of BMMCsþRCPR and salineþRCPR groups
before ischemia and along post-ischemic weeks. At PID 0,
both groups showed the same performance and achieved
over 70% of success in accomplishing the task. At PIDs 2
and 3, both performances were remarkably low, indicating a
clear motor impairment of the contralateral forelimb caused
by ischemia. Both groups showed significant recovery from
PID 6, reaching a peak performance around PID 21. This
recovery was not complete but represented about 50% of the
pre-ischemic performance. However, BMMCs were not
effective to increase recovery since statistical analysis with
two-way ANOVA showed no significant effect of the
treatment. Multiple comparisons revealed a significant
difference between groups at PIDs 12, 42, 48 and 51 (not
shown), but it might only suggest a tendency of increased
recovery of the BMMCsþRCPR group. Each point in the
graph represents mean7SEM.
Table 1 – Experimental groups used for behavioral analyses.
Group name Treatment Total number
of animals
BMMCsþRCPR group 3 107
BMMCs in 500 ml
8
SalineþRCPR group 500 ml of PBS 9
BMMCs group 3 107
BMMCs in 500 ml
9
Saline group 500 ml of PBS 9BMMCsþRCPR group; p¼0.82 in the salineþRCPR group),
indicating that both groups had significant recovery from
PID 6 (Fig. 3). Thus, the results of the analysis with RCPR task
revealed significant but incomplete recovery in both
BMMCsþRCPR and salineþRCPR groups, but BMMCs treat-
ment promoted no significant increase in performance.
2.3. Influence of RCPR training on recovery promoted by
BMMCs in sensorimotor tests
To analyze the possible influence of the RCPR training on
performance in sensorimotor tests, groups treated and
untreated with BMMCs were added, both containing animals
not submitted to the RCPR task. Thus, the groups called
BMMCs and saline in Fig. 2 were renamed as BMMCsþRCPR
and salineþRCPR, respectively (Table 1).
In cylinder test, statistical analysis showed no significant
‘‘treatmentday’’ interaction (F¼1.04, po0.41), but signifi-
cant effects of treatment (F¼5.05, po0.006) and day (F¼18.63,
po0.0001) (Fig. 4A). Multiple comparisons inside each group
showed that PID 2 was significantly different from following
PIDs in the BMMCsþRCPR and BMMCs groups, and signifi-
cantly different from PIDs from the end of the first month in
the salineþRCPR and saline groups (Fig. 4A; p values not
shown). These results showed that all groups had significant
recovery, although it was faster in the BMMCs treated groups.
In the salineþRCPR and saline groups, PID 0 was significantly
different from others (po0.01 for comparison with PIDs 35
and 42 in the salineþRCPR group; po0.001 for all other
comparisons), indicating that complete recovery was not
reached in these groups (Fig. 4A). However, PID 0 was not
significantly different from the PID 28 onwards in the
BMMCsþRCPR group, and from PIDs 28, 35 and 63 in the
BMMCs group (Fig. 4A; p values not shown). These results
showed that the BMMCs treatment was able to promote
complete recovery. For comparison between groups, given
that there were significant treatment effect but no interac-
tion, data from all PIDs were pooled for each group (Fig. 4B).
Statistical analysis showed no significant difference between
salineþRCPR and saline groups, revealing that training alone
was not able to increase recovery (Fig. 4B). Moreover, sig-
nificant increase in recovery was observed in the
BMMCsþRCPR and BMMCs groups, when compared to the
saline group, but the difference between them was not
significant (Fig. 4B). These groups did not significantly differ
from the salineþRCPR, and it might only suggest a slight
tendency of effect of the RCPR training in recovery. Together,Submitted
to RCPR task
Submitted
to cylinder test
Submitted
to adhesive test
8 8 8
9 8 9
– 8 9
– 9 9
Fig. 4 – Influence of RCPR training in the cylinder test: (A)
graph showing the accompaniment of the performance of
BMMCsþRCPR, salineþRCPR, BMMCs and saline groups
before ischemia and along post-ischemic weeks. In all
groups, the greater asymmetry was observed at PID 2. Two-
way ANOVA analysis revealed no significant interaction, but
significant effect of the treatment. Each point in the graph
represents mean7SEM. (B) Data from each group was
pooled and analyzed by ANOVAþTukey. Significant recovery
was observed in BMMCsþRCPR and BMMCs groups, and no
significant difference between them was observed. Bars
mean mean7SEM.  Represents comparison to saline group
(po0.05; Tukey).
Fig. 5 – Influence of RCPR training in the adhesive test. Graph
showing the accompaniment of the performance of
BMMCsþRCPR, salineþRCPR, BMMCs and saline groups
before ischemia and along post-ischemic weeks. In all groups,
the lower level of contralateral preference was observed at PID
2. No significant difference was observed between saline and
salineþRCPR groups. However, note that the BMMCsþRCPR
group showed significant recovery in the first post-ischemic
month, when compared to saline and salineþRCPR groups.
This difference was not observed in the BMMCs group. From
the second month onwards, both BMMCs-treated groups
showed the same level of recovery. Significant difference
between BMMCsþRCPR and BMMCs groups was observed
only at PIDs 28, 35 and 84 (not shown). Each point in the
graph represents mean7SEM.  Represents the comparison
among saline and BMMCs groups; ] represents the
comparison among saline and BMMCsþRCPR groups and
U represents the comparison among salineþRCPR and
BMMCsþRCPR groups. (, ] or U¼po0.05; , ]] or
UU¼po0.01; , ]]] or UUU¼po0.001; Tukey).
b r a i n r e s e a r c h 1 4 9 2 ( 2 0 1 3 ) 1 3 0 – 1 3 9134results of the cylinder test indicated no significant effect of
the RCPR training in the recovery of contralateral forelimb
performance in support during vertical exploration.
In adhesive test, statistical analysis showed a significant
‘‘treatmentday’’ interaction (F¼2.45, po0.0001) and signifi-
cant effects of treatment (F¼6.87, po0.01) and day (F¼18.07,
po0.0001) (Fig. 5). Multiple comparisons inside each group
showed that PID 0 was significantly different from others
in the salineþRCPR and saline groups (po0.0001 for all com-
parisons), indicating that there was no complete recovery.
Moreover, PID 2 was not significantly different from following
PIDs in the saline group, but it was significantly different from
PIDs 42, 49, 84 and 91 in the salineþRCPR group, showing
inconsistent effect of the RCPR training in recovery. However,
comparisons among groups showed no significant difference
between the salineþRCPR and saline groups, which indicatedno effect of training in recovery (Fig. 5). In treated groups,
comparisons inside each group showed that PID 2 was sig-
nificantly different from following PIDs in the BMMCsþRCPR,
but PID 2 was different from the PID 49 onwards, excepting
PID 63 (p values not shown) in the BMMCs group. These results
showed that the BMMCs treatment was able to promote
recovery, but it was faster in the BMMCsþRCPR group. It is
confirmed by comparisons among groups, which showed
a significant difference between the BMMCsþRCPR and saline
groups from the PID 14 onwards, excepting PID 42, and
between the BMMCs and saline groups at PID 7 and from the
PID 49 onwards (Fig. 5). The BMMCsþRCPR and salineþRCPR
groups were significantly different at PIDs 28 and 35, and from
the PID 56 onwards, excepting PID 84 (Fig. 5). BMMCs was able
to promote complete recovery since PID 0 was not significantly
different from PIDs 28, 63, 77 and 91 in the BMMCsþRCPR
group, and from PIDs 84 and 91 in the BMMCs group. Together,
results of the adhesive test showed a synergistic effect of the
b r a i n r e s e a r c h 1 4 9 2 ( 2 0 1 3 ) 1 3 0 – 1 3 9 135RCPR training and the BMMCs treatment since only together
they were able to accelerate recovery in preference of removal
with contralateral forelimb after tactile stimulation. The level
of recovery was not different between BMMCs-treated groups
from the middle of the second post-ischemic month (Fig. 5).3. Discussion
The main purpose of the study was to expand the evaluation
about BMMCs ability to recover sensorimotor function after
cortical focal ischemia. We evaluated the effect of this
treatment in a sophisticated motor pattern, the forelimb
reach-to-grasp movement. This pattern of movement has
been shown to be surprisingly similar to that found in
primates (Alaverdashvili and Whishaw, 2008). We analyzed
the BMMCs effect on the success to realize the complete
movement, the endpoint of the task. The protocol of post-
ischemic evaluation (at intervals of 3 days) was designed to
minimize practice effect, avoiding the ‘‘forgetfulness’’ of
trained performance and the interference of food restric-
tion/loss of weight. The results showed that BMMCs were not
able to promote significant increase of recovery since treated
and untreated groups had equal level of recovery, which was
partial and reached about half of the pre-ischemic perfor-
mance. Previous reports have shown complete recovery of
success rate in reach-to-grasp testing after focal ischemic
lesion in motor cortex, without any treatment (Alaverdashvili
and Whishaw, 2008). This discrepancy with the results of the
control group of the present study could be explained by the
lower extension of cortical lesion and the higher frequency of
post-ischemic evaluation (daily) applied in those studies,
which should increase the cortical substrate for plastic
rewiring and the practice effect, respectively.
Rodent forelimb reach-to-grasp movement has been
demonstrated as a skilled motor pattern controlled by differ-
ent brain regions. Frame-by-frame video analyses have
shown that different lesions result in impairment of different
steps along whole reach-to-grasp movement. Subcortical
lesion, including mainly basal ganglia, abolishes digits flexion
and closing used by contralesional forelimb for grasping
(Gharbawie et al., 2006). Moreover, lesions of red nucleus or
rubrospinal tract resulted in loss of arpeggio and hand
rotation movement (Jarratt and Hyland, 1999; Morris et al.,
2011). Focal lesion of sensorimotor cortex impairs the rota-
tory forelimb movements and the fine control of individual
digit movement (Alaverdashvili and Whishaw, 2008). Thus, as
observed in primates, corticospinal tract seems to be mainly
responsible to promote the most sophisticated forelimb
motor pattern (Alaverdashvili and Whishaw, 2008). However,
post-ischemic recovery of reach-to-grasp movement is
related to the acquisition of a compensatory motor pattern,
rather than recovery of the original motor pattern
(Alaverdashvili and Whishaw, 2010). Thus, loss of digits
independency and forelimb rotation can be offset by less
complex digits movements and body rotation, respectively, to
get success in the reach-to-grasp endpoint. The lesion-
induced cortical plastic rewiring that occurs at peri-
ischemic cortex and other distant regions has been proposed
to underlie the construction of a new motor engram,resulting in a new motor pattern of reach-to-grasping move-
ment (Alaverdashvili and Whishaw, 2010; Monfils et al., 2005).
Since BMMCs were unable to promote any change in the
success rate, it is unlike that treated and untreated groups
had some difference in their compensatory motor patterns.
The partial recovery in success rate might involve the
acquisition of a compensatory motor engram by recruitment
of peri-lesional cortex, but also by recruitment of the con-
tralateral sensorimotor cortex. Corticospinal axons originat-
ing from the contralesional cortex have been found to suffer
lesion-induced sprouting and cross the spinal cord midline,
innervating the deafferented side contralateral to the lesion
(Benowitz and Carmichael, 2010; Liu et al., 2011). Moreover,
inhibition of neuronal activity of contralesional sensorimotor
cortex leads to impairment of recovered reach-to-grasp
movement (Biernaskie et al., 2005). Recruitment of other
motor regions, such as red nucleus, might also be involved
(Jarratt and Hyland, 1999; Morris et al., 2011).
Liu et al. (2011) have found significant recovery of success
rate induced by treatment with MSCs after middle cerebral
artery occlusion (MCAo) in mice. This observation is not in
agreement to the present results, but the several differences
in experimental approaches should explain this discrepancy,
i.e., regions affected by ischemia, protocol of pre- and post-
ischemic accompaniment, cell type and animal species used.
Some hypotheses might explain the absence of significant
recovery promoted by BMMCs. First, opposite to MSCs,
BMMCs might not be able to promote enough neuroprotec-
tion in cortical tissue to permit cortical recruitment for
compensatory recovery of reach-to-grasp movement. We
observed no effect of BMMCs treatment in the extension of
ischemic lesion. This quantitative analysis confirms gross
analysis made in a previous study (Giraldi-Guimar ~aes et al.,
2009). However, a significant decrease of neurodegeneration
has been observed after the same protocol of treatment
(Giraldi-Guimar ~aes et al., 2009). Since we have observed
recovery of unsophisticated sensorimotor functions (Giraldi-
Guimar ~aes et al., 2009, present study), the results suggest that
the rescue of a small number of neurons can be sufficient to
promote some functional recovery, although it should be
unable to result in macroscopic reduction of damage and
increase recovery of skilled movements. Nonetheless, every
effort should be made to save neurons, even though a small
number. Second, complete recovery of sophisticated move-
ments would not be able to occur after large sensorimotor
cortical lesions, except for therapies that might promote
reconstruction of lost cortical tissue, e.g., the use of embryo-
nic or induced pluripotent stem cells (Polentes et al., 2012).
As discussed above, complete recovery of success rate in
reach-to-grasp task has been only found after small focal
lesion of motor cortex (Alaverdashvili and Whishaw, 2008).
Thus, the present study opens the question about BMMCs
capability to recovery skilled movements. To evaluate the
deepness of sensorimotor recovery promoted by BMMCs and
other cell therapies, time window of cell administration after
lesion induction, cell dose, location and extension of brain
lesion are some of the experimental approaches that need to
be tested in further studies.
The results confirmed previous description of induction of
sensorimotor recovery by BMMCs after thermocoagulatory
b r a i n r e s e a r c h 1 4 9 2 ( 2 0 1 3 ) 1 3 0 – 1 3 9136cortical ischemia in the cylinder test (de Vasconcelos dos
Santos et al., 2010; Giraldi-Guimar ~aes et al., 2009). None-
theless, the accompaniment was restricted to the first post-
ischemic month in a previous study, and we showed
no recovery in the adhesive test (Giraldi-Guimar ~aes et al.,
2009). Here, we extended the time of accompaniment, and we
found significant recovery in the adhesive test from the PID
49 onwards. Hence, the results confirmed and extended the
evidence of therapeutic effect of BMMCs.
Moreover, a second goal of the study was to evaluate whether
reach-to-grasp training has a rehabilitative effect, alone and
together with BMMCs treatment. Previous reports have demon-
strated that skilled training before and after cortical ischemia
promotes cortical structural plasticity, which is correlated to
improved sensorimotor recovery (Jones et al., 1999; Kleim et al.,
1998, 2004; Nudo, 2007). We speculated that RCPR training
would have some rehabilitative effect on unskilled sensorimo-
tor tests, promoted by a general increase of lesion-induced
structural plasticity. In cylinder test, animals submitted to RCPR
training alone had no recovery, and those submitted to RCPR
training plus BMMCs treatment showed the same level of
recovery found in animals with BMMCs treatment alone.
Therefore, reach-to-grasp training had no influence in sensor-
imotor performance in the cylinder test. However, in the
adhesive test we found no effect of RCPR training alone, but
RCPR training plus BMMCs treatment promoted increased
recovery from the first post-ischemic month onwards. It was
not found with BMMCs treatment alone, which promoted
recovery only from the PID 49 onwards. Therefore, in the
adhesive test, reach-to-grasp training showed synergistic effect
with BMMCs, accelerating the recovery. The results suggest that
besides to promote the recovery of the trained motor pattern,
the training for skilled movement might also promote rehabi-
litation of unskilled movements. Further studies are needed to
extend these analyses.4. Conclusions
The study confirmed that BMMCs are able to promote
recovery of unskilled movements impaired by unilateral
ischemic lesion of sensorimotor cortex, but suggests that
they might not be able to recover skilled movements. More-
over, training for skilled movement had low but evident effect
on rehabilitation of some unskilled tasks, especially tactile
stimulation-induced adhesive removal from forepaw, but
only when done together to BMMCs treatment. Thus, BMMCs
might have limitations in its potential to induce recovery of
movements. However, it is still necessary to evaluate the
effectiveness of BMMCs to recover movements of dexterity in
other models of brain lesion, with variations in location and
extent of injury.5. Experimental procedures
5.1. Animals
Male Wistar rats with 2 months (submitted to the RCPR task)
and 3 months (not submitted to the RCPR task) of age at thebeginning of the experiment were used. All animals were
housed in a colony room with controlled temperature, and
with food and water available ad libitum. The experiments
were carried out in accordance with the National Institute
of Health Guide for the Care and Use of Laboratory Animals
and were approved by the Animal Ethics Committee of our
institution.
5.2. Food restriction and control of weight
Animals submitted to the RCPR task were motivated to per-
form the task by food restriction throughout the experiment
(Schaar et al., 2010). Each animal was left with approx. 16mg
of food (conventional feed) at every day before a daily task (see
Section 5.6). Thus, the food restriction was daily in the phases
1 and 2 (see Section 5.6) and at intervals of 3 days in the phase
3 (see Section 5.6). Animals had 2 months of age at the
beginning of RCPR experiment (phase 1). Their weights were
weekly measured until the second post-ischemic week, and
there was an increase of 7–8 % because of natural growth.
However, no significant change of weight was observed after
surgery, at least until second post-ischemic week. Phases 1
and 2 lasted about a month, and surgery was made when they
were about 3 months old. For this reason, the animals not
submitted to the RCPR task were submitted to surgery when
they were 3 months old. No significant difference was
observed in the weight of the day of the surgery between the
four experimental groups (Table 1) (ANOVA, F¼2.63, p¼0.068).
It shows that daily food restriction had no significant effect in
weight changes until surgery. After surgery, RCPR task and its
food restriction were made at intervals of 3 days, to avoid
possible interference of food restriction/loss of weight in the
results of the functional analyzes.
5.3. Surgery
The ischemic lesion was induced by thermocoagulation of
the blood in the submeningeal blood vessels of the motor and
sensorimotor cortices as previously described (Giraldi-
Guimar ~aes et al., 2009; Szele et al., 1995). Briefly, animals
were anesthetized with ketamine hydrochloride (90 mg/kg,
i.p.) and xylazine hydrochloride (10 mg/kg, i.p.) and placed in
a stereotaxic apparatus (Insight Ltda., Ribeir ~ao Preto, SP,
Brazil). The skull was surgically exposed, and a craniotomy
was performed, exposing the frontoparietal cortex contral-
ateral to the preferred forelimb (see Section 5.5) (þ2 to 6 mm
A.P. from bregma; Paxinos and Watson, 2005). Blood was
thermocoagulated transdurally by approximation of a hot
probe to the dura mater, with care to avoid touching it. After
procedure, skin was sutured, and animals were kept warm
under a hot lamp and returned to colony room after recovery
from anesthesia.
5.4. BMMCs obtaining and transplantation
To obtain BMMCs, bone marrow was harvested aseptically
from tibias and femurs of naive donor rats as previously
described (Giraldi-Guimar ~aes et al., 2009). Briefly, bone mar-
row was extracted from the bones and collected in sterile
tubes with serum-free DMEM-F12 (GIBCO BRL, Grand Island,
b r a i n r e s e a r c h 1 4 9 2 ( 2 0 1 3 ) 1 3 0 – 1 3 9 137NY, USA). Cells were mechanically dissociated, centrifuged
and resuspended in serum-free DMEM-F12. Separation
of mononuclear fraction was done by centrifugation in
Histopaque 1083 (Sigma-Aldrich, St. Louis, MO, USA). Mono-
nuclear cells were collected and washed with phosphate-
buffered saline (PBS). Following cell count, they were resus-
pended in saline, and the final concentration was approxi-
mately 3107 BMMCs/500 ml.
Transplantation of BMMCs or vehicle (saline) occurred
approx. 24 h after ischemia. Animals were anesthetized with
ketamine hydrochloride (90 mg/kg, i.p.) and xylazine hydro-
chloride (10 mg/kg, i.p.), and BMMCs (or saline) were injected
through the left jugular vein. Separation of ischemic animals
in experimental groups for behavioral analyses is explained
in Table 1.
5.5. Histology
Two untreated ischemic animals were euthanized 1 h after
ischemia to verify early presence of cortical lesion, and
animals injected with BMMCs or saline were euthanized
72 h after ischemia to quantify the extension of the lesion.
Their brains were rapidly removed from the skull and
sectioned in the coronal plane at 2 mm of thickness using a
rat brain blocker/slicer (Insight Ltda.). The slices were
immersed for 30 min into 2% 2,3,5-triphenyltetrazolium
chloride (TTC) solution at 37 1C. Digital images were captured
from reacted slices with a camera coupled to a dissecting
microscope and to a PC computer. Lesion areas of the slices
were measured from digital images using tools of the ImageJ
software (NIH). The lesion area of each slice was multiplied
by its thickness (2 mm), obtaining the volume (mm3). For each
animal, the total lesion volume was calculated by summing
the volumes of its slices.
5.6. Behavioral tests
Blinded investigators performed the behavioral analyses to
avoid bias. To analyze the effect of BMMCs treatment on
recovery of skilled forepaw motor function, ischemic animals
injected with BMMCs or saline were submitted to the RCPR
task (Schaar et al., 2010). Each animal was placed in a
Plexiglass box (26 cm long, 30 cm high and 16 cm width),
with a front window (1.9 cm wide and 20 cm high) and a
platform (16 cm long and 3 cm width) attached outside the
box, in the front window, at 4.5 cm from the base (Fig. 1).
There were five holes on this platform (Fig. 1B), where food
pellets were placed. These pellets were rigorously standar-
dized in shape, size and weight (45 mg; Dustless Precision
Pelletss/Rodent, Grain-Based; Bio-Serve, Frenchtown, NJ,
USA). A daily task was standardized with 20 trials or 20 min
of task, anyone who has been achieved first. A trial consisted
to grasp and lift a food pellet placed on external platform and
take it to the mouth, inside the box. Each trial was classified
as success, when it was entirely done, or as fault, when any
mistake was done in its execution (when animal was unable
to grasp the pellet, or if it left the pellet get down before
reaching the mouth). The whole experiment was divided into
three phases. Phase 1 (determination of side preference) was
performed before ischemia. Pellets were put in the mostmedial hole of the platform, and no removable wall was
placed inside the box. Thus, animals were free to use both
forelimbs to grasp the pellets. The preferred forelimb was
established as that which was used to take the pellet in at
least 70% of the daily trials, for at least 3 consecutive days.
Trial classification was not considered in this phase. Phase 2
(training of preferred forelimb) was also performed before
ischemia. It consisted to put pellets in the most distal hole of
the opposite side to the preferred forelimb, and put the
removable wall in the same side of the preferred forelimb.
Thus, animal was forced to use the preferred paw, which was
considered trained after reaching at least 70% of success for
at least 3 consecutive days. Surgery for ischemia was then
made in the cortical hemisphere contralateral to the pre-
ferred forelimb. Phase 3 (post-ischemic evaluation) was
performed at post-ischemic days (PIDs) 2, 3, 6, 9, 12, 15, 18,
21, 24, 27, 30, 33, 36, 39, 42, 45, 48 and 51. The percentage of
success of the preferred (impaired) forepaw was counted for
each PID. The percentage of success of the last day before
ischemia was plotted in graphs as PID 0.
Functional outcome was also evaluated using two sensor-
imotor tests that evaluate less sophisticated movements,
which do not involve skill or training: cylinder test and
adhesive test (Schaar et al., 2010; Schallert, 2006). Their
effectiveness to assess sensorimotor function has been
shown after thermocoagulatory cortical lesion (de
Vasconcelos dos Santos et al., 2010; Giraldi-Guimar ~aes et al.,
2009). Ischemic animals injected with BMMCs or saline and
not submitted to RCPR task were included (Table 1). All
animals were tested one day before ischemia and at post-
ablation day (PAD) 2, and then weekly. Pre-ischemic day was
plotted in graphs as PAD 0. Tests were performed as pre-
viously described (de Vasconcelos dos Santos et al., 2010;
Giraldi-Guimar ~aes et al., 2009). Briefly:1- Forelimb use asymmetry (cylinder) test: The trial consisted in
placing the animal inside a glass cylinder. Supports in the
wall with ipsilateral (to the lesion) forelimb, contralateral
forelimb or simultaneous support with both forelimbs
were counted during vertical exploration. For each animal
at each PAD, percentage relative to the total number of
uses (ipsilateralþcontralateralþsimultaneous) was calcu-
lated for ipsilateral (unimpaired) and contralateral
(impaired) uses. An asymmetry score for each animal
was calculated at each PAD by the following formula:
asymmetry score¼ (% of ipsilateral uses)(% of contralat-
eral uses). Animals with asymmetry score higher than 15
at PAD 0 or lower than 30 at PAD 2 were discarded of
statistical analysis.2- Adhesive removal patch test: A small round adhesive paper
(13mm diameter) was placed on the inner portion of each
wrist of the animal. One trial consisted in placing the
adhesive papers and their subsequent removal by the animal.
Four trials were applied at each PAD, and trials were sepa-
rated by at least 5min. Preference was evaluated, and in each
trial the first side (ipsilateral or contralateral to the lesion) of
removal was recorded. For each animal at each PAD, percen-
tage of contralateral preference relative to the total number of
removals (four) was calculated. Animals with contralateral
b r a i n r e s e a r c h 1 4 9 2 ( 2 0 1 3 ) 1 3 0 – 1 3 9138preference lower than 25% at PAD 0 or higher than 0% at PAD
2 were discarded of statistical analysis.5.7. Data analysis
For lesion volume analysis, comparison among groupswasmade
by t-test. For behavioral analyses, repeated measures two-way
ANOVA (‘‘treatment’’ ‘‘day’’; day as the matched factor) was
used, followed by Tukey–Kramer multiple comparisons post test.
When no interaction but significant treatment effect were found,
data from all PIDs were pooled as replicates for each animal, and
comparisons among treatments were made by ANOVA plus
Tukey post test. The level of significance was set at po0.05.Acknowledgments
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